1. Introduction {#sec1}
===============

Heart modeling can quantitatively study the physiological and pathological mechanism of the heart diseases, such as arrhythmias, atrial, and ventricular fibrillation, and hence to help improve their diagnosis and treatment. These developed models can also be used for medical teaching \[[@B1]\]. In the last several decades, a lot of research has been done on the heart modeling, from genes to the whole organ \[[@B2]--[@B4]\]. The hearts used for modeling were mainly from canines \[[@B5], [@B6]\], rabbits \[[@B7]--[@B9]\], mice \[[@B10]\], pigs \[[@B11]\], or humans \[[@B3], [@B12]--[@B17]\].

Mathematical modeling of the heart anatomy is a prerequisite for cardiac electro-mechanical simulations. Simulating the main cardiac features, including cardiac rhythms \[[@B18]\], mechanics \[[@B19]--[@B21]\], hemodynamics \[[@B22]\], fluid-structure interaction, energy metabolism \[[@B23]\], and neural control \[[@B24]\], can only be achieved with detailed heart structure information. It needs to be emphasized that these properties are interrelated so that any changes in one property may influence others, which makes the virtual heart modeling complicated. Therefore, giving full consideration to the anatomical structure of the heart is essential.

Several mathematical human heart models have been constructed to study its electrophysiological properties using the computed tomography and other modern medical imaging methods \[[@B25], [@B26]\]. However, the space resolution of these computed tomography-based heart models was not very high \[[@B12], [@B27]\]. It was 1 mm for the model developed by Lorange and Gulrajani, and the final model contained approximately 250, 000 points. The model developed by Weixue et al. \[[@B27]\] contained approximately 65,000 myocardial discrete units with a spatial resolution of 1.5 mm. Furthermore, neither of the two models included the conduction system. Later, human atrial models were constructed from the MRI images \[[@B16]\], and some of them included the atrial conduction system \[[@B14]\]. A human ventricular model with fiber orientations and laminar structure was constructed by Rohmer et al. \[[@B17]\] using the DT-MRI. In addition, the Visible Human Project provides a useful data source for detailed human heart anatomical modeling \[[@B15]\]. However, none of the above-mentioned models described the complete geometry of the human heart, including both the atria and the ventricles, the conduction system, and the fiber orientation.

The conduction system plays an important role in the electrical propagation. It contains SAN, interatrial pathways, AVN, and intraventricular conduction pathways. Conduction system abnormalities could lead to cardiac arrhythmias. However, it is practically difficult to distinguish the conduction system from the surrounding tissues based on the current computed tomographic or MRI images. The heart models in early days mainly focused on the geometry of the heart without considering its conduction system \[[@B28]--[@B30]\]. Recently, researchers have attempted to construct the atrial conduction system \[[@B14], [@B31]\] as well as the ventricular conduction system with the His-Purkinje system \[[@B32]\]. However, none of the previously published models contain both the atrial and ventricular conduction systems.

Myofiber orientation also plays an important role in the electrical conduction and mechanical contraction. Many experimental procedures have been developed to measure myofiber orientation. In early days, the measurement was usually restricted into small areas. After full thickness blocks were removed from different sites of the heart, they were cut into serial slices from epicardium to endocardium. The fiber orientation was measured from each slice \[[@B33]--[@B36]\]. In the early 90s, a quantitative method was developed to measure the whole ventricular fiber orientations \[[@B5]\], which has been widely used by other studies \[[@B6], [@B7], [@B11]\]. However, this method is still very timeconsuming. Advanced imaging technique, including the automated confocal microscopy, polarization microscopy and two-photon tissue cytometry, and DT-MRI, makes the measurement of fiber orientation and laminar structure possible \[[@B37]--[@B39]\]. However, most of these methods have been only applied to the measurement on the ventricle, not the atria.

In order to validate the function of the anatomic model, the cardiac action potential (AP) and the simulation of cardiac electrophysiology should be simulated and validated with experimental data. Until now, different AP models have been developed from different species. They were mainly based on the Hodgkin-Huxley (HH) equation, which could be used to calculate the flow of ions in the membrane and hence calculate the membrane potential changes. There are also a lot of human AP models, which include atrial working muscles \[[@B40]--[@B44]\], SAN \[[@B31], [@B45]\], Purkinje fibers \[[@B46], [@B47]\], and ventricle \[[@B48]--[@B51]\]. In our simulation, because the newly developed models are much more time-consuming and less robust in the three-dimensional simulation, the commonly used CRN model \[[@B41]\] and the ten Tusscher model \[[@B49]\] were applied to the atrial and ventricular cells.

Regarding the simulation of cardiac electrophysiology, the reaction-diffusion equations were commonly used in combination with the anatomic and AP models. Modeling of the electrical conduction in early days was usually based on the cellular automata \[[@B2], [@B3], [@B27], [@B52], [@B53]\]. Later, with the enhancement of computation capacity, ionic models have been gradually applied to small-scale simulation of excitation conduction. In 1978, Tung introduced the "bidomain model" to simulate the propagation of excitation \[[@B54]\], However, the bidomain model requires a major dimension of the matrix inversion, and very large computing capacity. Therefore, the monodomain model was often used \[[@B67]--[@B71]\] because only the changes of cell membrane potential are calculated. Studies have also shown that there were no obvious differences for the computed excitation sequence between the bidomain model and monodomain model \[[@B55]\].

The aim of this study is to construct a whole human heart model with detailed anatomical structure which contains atrial and ventricular conduction systems and fiber orientations. Based on the constructed heart model, the human AP models will be assigned to different parts of the heart. Finally, the normal electrical propagation will be simulated and compared with the experimental data.

2. Materials and Methods {#sec2}
========================

2.1. Cardiome-CN Human Heart Anatomical Model {#sec2.1}
---------------------------------------------

### 2.1.1. Data Acquisition {#sec2.1.1}

After the confirmation of brain death, the heart specimen (Figures [1(a)](#fig1){ref-type="fig"}, [1(b)](#fig1){ref-type="fig"}) from a healthy male adult with a tragic accident was donated to Zhujiang Hospital, Southern Medical University, P.R. China, by his family members. They gave the written consent. The use of the heart for research purpose was approved by the Ethics Committee of the Southern Medical University. The National Rules and Regulations on Heart research were strictly followed. The pretreatment of the heart and image data collection were performed at the Southern Medical University, and the follow-up works including image processing, the three-dimensional (3D) heart anatomical reconstruction was completed at Zhejiang University.

Firstly, the pericardium was carefully stripped off and removed with the large blood vessels (aorta and pulmonary arteries) retained for perfusion. The lead oxide and gelatin solution (gelatin and water ratio was 5%; lead oxide solution and water ratio was 25%) were then injected into the chambers of the heart through the aorta \[[@B56]\]. After the solution was cooled down, the heart specimen was scanned using a spiral CT (Philips/Brilliance 64). The raw CT images had a resolution of 512 pixels by 512 pixels, and the total number of images was 531 with the spatial resolution of 0.3574 mm × 0.3574 mm × 0.33 mm ([Figure 1](#fig1){ref-type="fig"}).

### 2.1.2. Image Processing Procedure for the Construction of Human Heart Model {#sec2.1.2}

The commercial software ScanIP (Simpleware Inc.) was used to segment and reconstruct the anatomy of the human heart with some manual intervention to achieve the maximum accuracy. The processing procedure is briefly summarized as follows.Contrast adjustment: as can be seen in [Figure 2(a)](#fig2){ref-type="fig"}, the contrast between myocardium and gelatin inside the heart cavity was not obvious in the original CT image. After the contrast adjustment, they could be distinguished obviously ([Figure 2(b)](#fig2){ref-type="fig"}).Image cropping: since a large portion of the original CT image was from the background, they were cropped to define the area of interest and to reduce the image size to 233 × 301 ([Figure 2(c)](#fig2){ref-type="fig"}). After image cropping, the required computer memory was reduced, and the reconstruction speed was improved.Contour extraction: the threshold segmentation was firstly applied to the cropped images to obtain the myocardium ([Figure 2(d)](#fig2){ref-type="fig"}). Unfortunately, some nonmyocardial tissues were wrongly included. To overcome this limitation, manual check was performed to exclude these nonmyocardial tissues. The connective tissues linked with the endocardium, such as mastoid muscle, trabecula, and so forth, were also excluded. A regional growing method was then applied to generate a clear myocardial image, as shown in [Figure 2(e)](#fig2){ref-type="fig"}.Image reconstruction: the above image processing procedure was repeated to all the CT images to reconstruct the heart with a surface mesh (Figures [2(f)](#fig2){ref-type="fig"} and [2(g)](#fig2){ref-type="fig"}).

2.2. Construction of Conduction System of the Cardiome-CN Human Heart Model {#sec2.2}
---------------------------------------------------------------------------

Mimics software (Materialise Inc) was used to construct the cardiac conduction system based on prior knowledge of the human heart anatomy. The conduction system in our model contained sinoatrial node (SAN), crista terminalis, pectinate muscles (PM), Bachmann\'s bundle (BB), intercaval bundles, atrioventricular node (AVN), atrioventricular ring (AVR), His bundle, bundle branches, and Purkinje network. As an example, the detailed process to construct crista terminalis is summarized as follows.Reconstruct 3D heart model from the segmented CT images: after this step, the manipulation of the voxels in the 3D model directly reflected the corresponding pixels in 2D images. However, at this stage, the conduction system was not distinguished from the heart wall, as shown in [Figure 3(a)](#fig3){ref-type="fig"}.Edit the CT images interactively: to separate the conduction system, the reconstructed model was depicted based on prior knowledge of the anatomical structure of the human heart. The heart model was extended from the anteromedial wall on the right side of the entrance of the superior caval vein to the right side of the entrance of the inferior caval vein \[[@B57], [@B58]\]. The voxels from the right side of the superior caval vein and downwards to the right side of the inferior caval vein were then selected as shown in [Figure 3(b)](#fig3){ref-type="fig"}.Project to 2D image: after the voxels of crista terminalis were obtained, they were deleted from the 3D model (the white banding in [Figure 3(c)](#fig3){ref-type="fig"}). The corresponding 2D image pixels were also deleted as marked with the green rectangle in [Figure 3(c)](#fig3){ref-type="fig"}.Edit the 2D images: an image erosion operation was performed to locate crista terminalis under the epicardium, and a dilation operation was used to spread crista terminalis out of the endocardium. The final 3D model was obtained as shown in [Figure 3(d)](#fig3){ref-type="fig"}. The blue pixels in the upper image of [Figure 3(d)](#fig3){ref-type="fig"} show a cross-sectional image of the crista terminalis.Classification and visualization: the other conduction bundles were also obtained similarly by repeating the above 4 steps.

2.3. Construction of Fiber Orientation of the Cardiome-CN Human Heart Model {#sec2.3}
---------------------------------------------------------------------------

### 2.3.1. Fiber Orientation Acquisition {#sec2.3.1}

In order to obtain the fiber orientation, some atrial muscles were peeled off along the fiber orientation after the CT scan ([Figure 4(a)](#fig4){ref-type="fig"}). The heart was then scanned by a 3D laser scanner (RealScan USB Scanner model 200) with a spatial resolution of 0.01 mm. Geomagic software (Geomagic, Inc) was used to trace the fiber orientation \[[@B59]\]. As shown in [Figure 4(b)](#fig4){ref-type="fig"}, different curves represent the fiber orientation with its coordinate information. A registration method was then applied to obtain three layers of fiber orientation at the same coordinate. The details of this method has been described in our previous publication \[[@B60]\].

### 2.3.2. Construction of Ventricular Fiber Orientation {#sec2.3.2}

After the registration, the orientations of the endocardial and epicardial fibers had the same coordinate. [Figure 5(b)](#fig5){ref-type="fig"} shows all the measured points with the fiber orientation data. These data were used to construct the whole ventricular fiber orientation. The construction steps are summarized as follows.Identify the center of gravity of the left and right ventricles (the red lines in [Figure 5(a)](#fig5){ref-type="fig"}).Calculate the angle of each measured point: the center of gravity was set to be origin, with *z* axis on the right side and *y* axis on the upside. [Figure 5(c)](#fig5){ref-type="fig"} shows the angles of all the points on a single layer, with different colors representing different angels in degrees from 0°--360°.Calculate the angle of each point on the direction from the apex to the base of the heart: for each layer, the points having fiber orientation at the endocardium and epicardium are marked, respectively, with yellow and green in [Figure 5(d)](#fig5){ref-type="fig"}. The angle of each point was then calculated as described in step 2.Match the endocardial and epicardial fiber angles with the corresponding CT data for each layer ([Figure 5(e)](#fig5){ref-type="fig"}): the linear interpolation was then used to calculate the fiber orientation of all the points on the epicardium and endocardium for each layer, as shown in [Figure 5(f)](#fig5){ref-type="fig"}.Calculate the fiber orientation between the epicardium and endocardium over the myocardial wall, as shown in [Figure 5(g)](#fig5){ref-type="fig"}.Follow steps 2--5, the fiber angles of all the layers were obtained. [Figure 5(h)](#fig5){ref-type="fig"} shows the fiber angles in a coronal plane (*xz* plane).

### 2.3.3. Construction of Atrial Fiber Orientation {#sec2.3.3}

Due to the complexity of atrial myoarchitecture, its fiber orientation has not been well quantified. The published qualitative studies concluded that right atrial fiber orientation is obliquely aligned and has different regularity at different layers.

In this study, only the epicardial myofiber orientation of the atria was measured. With the measured atrial fiber orientation data, the interpolation technique was applied to the whole atrial points. The construction steps are summarized as follows. Calculate the inclination and transverse angles of each point with measured fiber orientation in the atria.For the points without measured fiber orientation, the inclination and transverse angles from their closest point having measured fiber orientation were assigned.

2.4. Electrophysiological Cell Models {#sec2.4}
-------------------------------------

For the atrial SAN, the cell model developed by Chandler et al. was used \[[@B45]\]. For the crista terminalis, PM, BB, and atrial working muscles, the models developed by Courtemanche et al. \[[@B41]\] were used. The detailed description has been given in our recently published study \[[@B61]\].

Modeling of human AVN cells is difficult, partially because there is no published study and there is no physiological parameter of human AVN cells available. In this study, a modified AP model of the atria was used to represent the AVN cell model to have the conduction time in the AVN within the physiological range \[[@B41]\]. There are also no existing AP models of the His bundle and bundle branches. It has been reported that Purkinje cell is the principal cell in His bundle, particularly for the left bundle branch \[[@B62], [@B63]\]. Therefore, the human Purkinje cell AP model developed by \[[@B46]\] was used to represent the AP models of the His bundle, left and right bundle branches. For the ventricles, the cell model developed by ten Tusscher et al. was used \[[@B49], [@B64]\].

2.5. Numerical Simulation of Excitation Conduction {#sec2.5}
--------------------------------------------------

The monodomain equation was used to simulate the excitation conduction, which is expressed as \[[@B65]\]: $$\begin{matrix}
{\frac{\partial V_{m}}{\partial t} = \nabla \cdot \left( {\mathbf{D}\nabla V_{m}} \right) - \frac{I_{\text{ion}} + I_{\text{applied}}}{C_{m}},} \\
{\mathbf{D} = \frac{\mathbf{G}_{i}}{S_{v}C_{m}},} \\
\end{matrix}$$ where *S* ~*v*~ is the surface volume ratio of cells (*μ*m^−1^), *C* ~*m*~ is the specific capacitance (pF), **G** ~*i*~ is the bulk intracellular conductivity (mS/cm), *V* ~*m*~ is the transmembrane potential (mV), *I* ~applied~ is the transmembrane stimulating current density, and *I* ~ion~ is the sum of all transmembrane ionic currents (pA/pF).

In this study, the finite difference method was used to calculate ([1](#EEq1){ref-type="disp-formula"}) because of its simplicity and suitability for the parallel computation. The time step was 0.01 ms, the anisotropy of the atrial working muscles was set as 1.3 : 1 \[[@B61]\], the conduction system was set as 9 : 1 \[[@B31]\], and the ventricular working muscles were set as 2 : 1 \[[@B67], [@B66]\].

The simulation was performed on a Dawning TC4000L server, which had symmetric multiprocessor shared memory and contained one management node and 10 computation nodes. Each computation node contained two Intel Xeon 5335 processors, 4 G memory, and 160 G hard disk. The total theoretical computing capacity was up to 184 Gflops. MPICH2 was used to implement the communication between the computational nodes \[[@B61]\].

3. Results {#sec3}
==========

3.1. Reconstructed Anatomical Model of the Human Heart {#sec3.1}
------------------------------------------------------

The reconstructed human heart anatomical model, including both the ventricles and atria, is shown in [Figure 6(b)](#fig6){ref-type="fig"}. From the segmented images ([Figure 6(a)](#fig6){ref-type="fig"}), it can be seen that the left ventricular wall is much thicker than that of the right ventricle (average value: 8--10 mm versus 2--4 mm), and different layers of the ventricle have different thicknesses. The wall thickness of the atria is slightly thinner than the right ventricle.

3.2. Reconstructed Conduction System of the Cardiome-CN Heart Model {#sec3.2}
-------------------------------------------------------------------

The final conduction system contained the following. SAN ([Figure 7(b)](#fig7){ref-type="fig"}): including the center and periphery part. It locates at the superior poster lateral wall of the right atrium with the size of about 10 mm × 4 mm × 1 mm, which matches the published experimental data \[[@B68]--[@B71]\].AVN ([Figure 7(e)](#fig7){ref-type="fig"}): including fast conduction region, slow conduction region, and central region \[[@B69], [@B72]--[@B78]\]. The slow conduction region was similar to the inferior nodal extension \[[@B78], [@B79]\], the fast conduction region was similar to the transitional tissue, and the central region was similar to the compact node. In our model, the size of the AVN was about 7 mm × 4 mm × 1 mm.Crista terminalis and PM ([Figure 7(b)](#fig7){ref-type="fig"}): There is little quantitative data about the crista terminalis and PM, in this study, they were reconstructed from the qualitative description of the position and anatomic structure \[[@B57], [@B58]\]. The crista terminalis was extended from the anteromedial wall on the left side of the entrance of the superior caval vein to the right of the entrance of the inferior caval vein. PM are parallel alignment of the muscle bulges on the appendage wall and the posterior wall of the right atria \[[@B57]\].Intercaval bundles ([Figure 7(b)](#fig7){ref-type="fig"}): one bundle connects the origin of the crista terminalis and the anterosuperior rim of FO, and the other connects the origin of the crista terminalis and CS. The details have been reported in our previous publication \[[@B61]\].BB ([Figure 7(b)](#fig7){ref-type="fig"}): the length of the BB is 14.7 mm, and the maximum diameters of the anteroposterior and superoinferior are 4.5 mm and 3.7 mm \[[@B57], [@B80]--[@B82]\].His bundle, left and right bundle brunches, and Purkinje fiber system ([Figure 7(e)](#fig7){ref-type="fig"}): they were constructed from the published data \[[@B63], [@B83]--[@B88]\]. Left bundle branch starts from the bifurcation of the atrioventricular bundle, descends along the interventricular septum about 1.5 cm, and is then divided into three branches. The right bundle branch starts from the end of the bifurcation of the atrioventricular bundle, moves downward along the membranous part of interventricular septum, and passes the papillary muscle of the conus to the moderator band. After reaching the root of prepapillary muscles, it is divided into three branches. The Purkinje fibers reach into the ventricular myocardial to form the subendocardial network. It is mainly located in the lower part of the interventricular septum, apex, papillary muscles, and free wall. In our model, the Purkinje fiber system, not the His bundle and left and right bundle brunches, conducts the excitation to the surrounding ventricular working muscles.

3.3. Reconstructed Fiber Orientation of the Cardiome-CN Heart Model {#sec3.3}
-------------------------------------------------------------------

On the ventricular epicardium (see the first two images from the left in [Figure 8(a)](#fig8){ref-type="fig"}), fibers start from the atrioventricular junction and extend obliquely to the cardiac apex along the blunt edge. Near the atrioventricular junction area, longitudinally oriented fibers are observed. When crossing the blunt edge and close to the posterior sulcus, the fiber orientation is transverse. The fiber orientation of the diaphragmatic surface of the right ventricle is nearly circumferential until it crosses the sharp edge. When close to the outlet of the right ventricle, it is perpendicular to the plane. The fiber orientation in the anterior interventricular groove does not continue, but it forms an angle.

On the middle layer of the anterior and on the posterior and lateral walls of the left ventricle, the fibers are nearly circumferential (see the middle two images in [Figure 8(a)](#fig8){ref-type="fig"}), and the fiber in the diaphragmatic surface of the right ventricle middle layer is also circumferential. But when crossing the blunt edge, the fiber orientation is a little oblique, then changes to circumferential again in the anterior wall. When close to the outlet of the right ventricle, the fiber becomes steep and the orientation is longitudinal. Different with the ventricular epicardial junctional area, the fiber continues on the middle layer junctional area of the right and left ventricles.

On the endocardium (see the two images from the right in [Figure 8(a)](#fig8){ref-type="fig"}), the fiber orientation is more oblique on the anterior wall than the posterior wall. Overall, from the apex to the base of the heart, the epicardial fibers are arranged clockwise, and the endocardial fibers are counterclockwise. From the epicardium to endocardium, the fiber orientation changes continuously, but inconsistently at different parts.

[Figure 8(b)](#fig8){ref-type="fig"} gives the comparison between our results and these from other groups. The first row in [Figure 8(b)](#fig8){ref-type="fig"} is one cross-section of the fiber orientation from our model, the second row is the published human ventricular DTMRI data \[[@B8], [@B67], [@B89]\], and the third row is the data extracted from \[[@B67]\]. It clearly shows that our result was very similar with the DIMRI data. [Figure 8(c)](#fig8){ref-type="fig"} shows the constructed fiber orientation of the cross-sections of the ventricle, with the inclination and transverse angles given.

[Figure 9](#fig9){ref-type="fig"} shows the atrial anatomical model with the fiber orientation. The atrial fiber orientation is much more complex than the ventricle. On the posterior and lateral wall of the right atrium, the main fiber direction is longitudinally aligned. The fibers begin in the junction area of the superior vena cava and extend to the atrioventricular junction. Because of the pulmonary veins in the left atrium, the fiber orientation is not as regular as the right atrium. On the posterior and upper posterior wall of the left atrium, fiber orientation is inclined, with a greater inclination on the upper posterior wall. On the lateral wall of left atrium from the left superior pulmonary vein to the apex of the left auricular appendage, it is also inclined. At the top of the left atrium, it is inclinable from the left and right pulmonary veins to the left atrial appendage and interatrial septum, respectively, and is fused on the anterior wall of the atrium. Figures [9(a)](#fig9){ref-type="fig"} and [9(b)](#fig9){ref-type="fig"} are the atrial anatomic model with the fiber orientation, and [Figure 9(c)](#fig9){ref-type="fig"} is the final atrial fiber orientation of some selected layers of the atrial model; each layer is represented by inclination and transverse angles.

3.4. Simulation Results of the Cardiac Electrical Propagation {#sec3.4}
-------------------------------------------------------------

The excitation sequence of the human heart is shown in [Figure 10](#fig10){ref-type="fig"}. The frequency of the pacemaker in our model was 1.19 Hz. The excitation starts from the SAN, reaches the BB and crista terminalis in right atrium after approximately 10 ms, and conducts to AV junction via the FP, SP, and crista terminalis. It then quickly conducts to the APG. After about 50 ms the left atrial septum close to the fossa ovalis is activated.

The current originated in the SAN also conducts excitation to the left atrium via the BB. In the left atrium, the excitation initiates from the region near the BB, then conducts to the APG via the right PM and to the posterior part of the right atrium, and ends at the posterior-inferior left atrium. The complete activation time is 30 ms for BB, 81 ms for the right atrium, 79 ms for left atrium, and 109 ms for the entire atrium. The conduction velocity is about 115 cm/s, 76 cm/s, 125 cm/s, and 107 cm/s in the crista terminalis, atrial muscles, PM, and BB, respectively.

When the excitation conducts to the AVN, with a delay of about 15 ms, it reaches the His bundle, left and right bundle, and then to the Purkinje network. The first breakthrough in the endocardium is at about 136 ms in the lower septum, and then the excitation conducts to the ventricular cells via Purkinje network. The first breakthrough point in the epicardium is at the anterior and posterior septal region, which is consistent with clinical measurements \[[@B90]\]. In the left and right ventricles, the last activated regions are the posterolateral area and the pulmonary conus and posterobasal area. It happens at about 228 ms. The conduction velocity varies at different parts, with the slowest speed of 40 cm/s at the apex, about 70 cm/s at the middle part of the heart and, about 80 cm/s at the upper part close to the base of the ventricle.

4. Discussion {#sec4}
=============

4.1. Fiber Orientation Modeling {#sec4.1}
-------------------------------

The fiber orientations of the ventricles and atria have been investigated in this study. The human ventricular fiber orientation has been widely studied with the range of +60° \~ −60°, depending on the different species used \[[@B5], [@B8], [@B91]--[@B93]\]. Our results agreed well with what has been published \[[@B17], [@B36], [@B94], [@B95]\]. Moreover, our results quantitatively showed that the fiber orientation is not homogeneous on the same layer and also varies at different parts of the heart. It is more inclined near the orifice of pulmonary trunk than the middle and bottom parts of the ventricles, and on the diaphragmatic surface of the epicardium, the left ventricular fiber has steeper angles than the right ventricle.

In this present study, the epicardial fiber orientation of the atrium was quantitatively measured, and the result shows that the atrial fiber orientation in general is less regular than that of the ventricle. On the right atrial epicardium, the fiber has some patterns, but in the left atrium, it is quite irregular because of the pulmonary veins. Our data was consistent with other experimental data \[[@B57], [@B96], [@B97]\].

4.2. Conduction System Modeling {#sec4.2}
-------------------------------

A detailed cardiac conduction system has been constructed in this study. It is very difficult to distinguish different conduction pathways using the anatomic or morphological methods. In our model, it has been assumed that muscle bundles exist between the origin of crista terminalis and CS and FO, and they compose of normal atrial muscles, but have high anisotropy ratio. The geometry of the two pathways agreed the general description of the experimental data \[[@B96]--[@B98]\]. To the best of our knowledge, this is the first model containing the two pathways in biatrial conduction simulation. Due to the lack of accurate experimental data, the accurate geometry of the two pathways can not be obtained in our simulation, but our simulation showed that they could make the conduction pattern in the atria more close to the clinic data \[[@B61]\].

Recently, it has been reported that the SAN structure was functionally insulated from the atrium by the connective tissues, fat, and coronary arteries \[[@B99]\]. It has also been reported that the atrial myocardium was excited via the superior, middle, and/or inferior sinoatrial conduction pathways. Therefore, in our simulation the excitation from the periphery cell only conducts to the crista terminalis, and the two internodal bundles are supposed to be from near the SAN. In the other atrial simulations \[[@B14], [@B31]\], the SAN could conduct electricity to the surrounding atrial working muscles, because the SAN was considered not to be insulated from the surrounding tissues.

Due to the complexity of the AVN, its anatomy and morphology have not been fully understood. In our model, based on the theory of the dual AVN pathways \[[@B78], [@B100]--[@B102]\], the AVN is divided into three parts: fast and slow conduction regions, and central region. The fast conduction region receives the electrical excitation from the transitional cells, and the slow conduction region receives the electrical excitation from the isthmus. These settings may have some differences with the real anatomic structure, but it made the whole heart modeling become feasible.

Many models have been constructed to simulate the electrical conduction in the ventricle and they have different resolutions and the construction methods varies too, but the majority of them were artificially depicted based on the prior knowledge of the anatomical structure \[[@B103], [@B104]\] or special algorithms \[[@B105], [@B106]\]. The His-Purkinje system is important for the ventricular conduction, and there are many qualitative anatomical descriptions \[[@B84]--[@B88], [@B118]--[@B120]\]. In our model, the His-Purkinje system was artificially depicted based on the prior knowledge. The His and bundle branches are separated from the Purkinje network, and the Purkinje fibers are connected each other. Our model was also close to the recently constructed His-Purkinje system of a rabbit from macroscopic images \[[@B107]\].

4.3. Excitation Conduction Modeling {#sec4.3}
-----------------------------------

The simulated excitation sequences of the atria and ventricles in our model agreed well with the published experimental data \[[@B30], [@B108]\]. The conduction velocity in the right atrial wall is not homogenous; the velocity of the posterolateral wall with PM is 70 to 100 cm/s and the average velocity is close to 95 cm/s, which is within the range of 0.68--1.03 m/s \[[@B109]\]. The velocity of crista terminalis is 1.15 m/s, which is also consistent with the experimental data of 0.7--1.3 m/s \[[@B110]\]. Lemery et al. \[[@B108]\] reported that the total BB conduction time was 23 ± 15 ms, our result of 16 ms is slightly shorter than the average value, but is within the range. The conduction speed of BB in our simulation is between 95 to 150 cm/s, and the average velocity is 113 cm/s; it is within the range reported by Dolber and Spach \[[@B111]\].

De et al. \[[@B112]\] reported that the duration of left atrial propagation and whole atria was 81 ± 10 and 105 ± 9 ms, respectively. The experimental data in \[[@B108]\] showed the activation time of LA and whole atria were 80 ± 11 ms and 120 ± 24 ms, respectively, while the results of \[[@B113]\] were 84 ± 14 ms and 119 ± 14 ms, respectively. In our simulation, the total activation time of left atrial and whole atria are 79 ms and 109 ms, respectively, which is similar to these experimental data.

For the ventricle, the conduction time from the onset of His to the onset of ventricular working muscles is about 41 ms, which is within the range of 47 ± 7 ms \[[@B114]\] and close to another simulation result \[[@B32]\]. After the excitation of lower septum in endocardium, the electricity spread to the epicardium and then upward to the base of ventricle; the whole conduction time of the ventricular working muscles is about 92 ms, which is close to the experimental data of about 100 ms \[[@B30], [@B114]\] and another model study \[[@B115]\]. The conduction speed of ventricular muscles is about 0.7 m/s, close to 0.6 m/s \[[@B116]\] and fall in the range of 0.3--1.0 m/s \[[@B117]\].

5. Limitation {#sec5}
=============

Firstly, the mastoid muscles could not be clearly distinguished from the ventricular muscles. This is especially obvious in the right ventricle, therefore the mastoid muscles were not included in our heart model. Secondly, our model only contained the atrial epicardial fiber orientation, since the atrial wall is too thin and the endocardial fiber is complex. Thirdly, the AP model of the AVN was based on the human atrial model. It may not effectively represent the physiological parameters of human AVN cells and may influence the simulation accuracy. In addition, the anatomy of whole heart conduction system was constructed based on the priori knowledge of the heart anatomy, which may affect the simulation.

6. Conclusion {#sec6}
=============

In conclusion, a human heart model with detailed anatomical structure, conduction system, and fiber orientations have been constructed. To the best of our knowledge, this is the first anatomically-detailed human heart model with corresponding experimentally measured fibers orientation. Different AP cell models have been assigned to different parts of the heart, and the simulated normal activation sequence agreed well with the published experimental data. Such detailed anatomical heart model could be very useful for future research on understating of the mechanisms influencing cardiovascular function and its physiological and pathological processes.
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![Specimen of human heart and its computed tomography (CT) images. Upper row: frontal view (a) and back view (b) of the original human heart pictures. Bottom row: three CT images from different layers of the heart, including (c) ventricle, (d) both atria and ventricle, and (e) atria.](CMMM2012-891070.001){#fig1}

![Image processing of the construction of human heart model: (a) the original CT image; (b) after contrast adjustment; (c) after cropping; (d) after contour extraction using threshold segmentation; (e) after segmentation; (f) frontal view of the reconstructed model; (g) back view of the reconstructed model.](CMMM2012-891070.002){#fig2}

![Construction of the cardiac conduction system. (a) Reconstructed 3D heart model and one cross-sectional slice of the 3D model; (b) selection of the voxels of crista terminalis in the 3D model; (c) after deletion of the voxels of crista terminalis and the corresponding 2D image; (d) final 3D heart model with one cross-sectional slice; the blue pixels show the conduction bundle.](CMMM2012-891070.003){#fig3}

![Fiber orientation acquisition. (a) The heart before laser scanning. Some atrial muscles were peeled off to make the fiber orientation visible. (b) The heart after laser scanning. The fiber orientation is represented by the red curves.](CMMM2012-891070.004){#fig4}

![(a) Identified center of gravity of the left and right ventricles; (b) all the measured points with fiber orientation data; (c) angel of each point on a single layer; (d), (e) sorting the fiber data and the CT data of the corresponding layer; (f) fiber orientation of all the points on the epicardium and endocardium; (g) fiber orientation of the myocardial wall between epicardium and endocardium; (h) fiber orientation in a coronal plane (*xz* plane).](CMMM2012-891070.005){#fig5}

![Reconstructed human heart model. (a) The segmented images. (b) The top two images show the four chambers of the heart model; the bottom two images are the inner cavity of the heart.](CMMM2012-891070.006){#fig6}

![The Cardiome-CN human heart conduction system. (a) The posterior view of the atria; (b) the conduction bundles in the atria; (c) the transparent display of the conduction bundles and atrial muscles; (d) the posterior view of the ventricle; (e) the conduction bundles in the ventricle; (f) the transparent display of the conduction bundles and ventricular muscles. Note: PV: pulmonary veins; LHIS: left His bundle; RHIS: right His bundle; RBB: right bundle brunches; LBB: left bundle brunches; RP: right Purkinje fiber system; LP: left Purkinje fiber system; AVR: atrioventricular ring.](CMMM2012-891070.007){#fig7}

![(a) Original fiber direction with frontal and back view: the two images from the left are the epicardial fiber orientation; the middle two images are the middle layer fiber orientation; the two images from the right are the subendocardial fiber orientation. (b) Ventricular fiber orientation, with *θ* the inclination angle and *ϕ* the transverse angle. The first row is the constructed fiber orientation of our model, the second row is the published human ventricular DTMRI data, and the third row was the data extracted from \[[@B67]\]. (c) Constructed fiber orientation of the cross sections of the ventricle. The numbers represent the position of cross sections in the whole heart model.](CMMM2012-891070.008){#fig8}

![Constructed atria fiber orientations. (a), (b) Anterior view and posterior view of the fiber orientation within the atrial anatomical model; (c) the constructed fiber orientation of three cross-sectional images of the atria model. The fiber orientation in each layer is represented by inclination and transverse angles.](CMMM2012-891070.009){#fig9}

![The simulated excitation sequences of the whole human heart. Different colors represent different excitement time. (a, d) the front and back views of the excitation sequence; (b, e) the transparence view; (c, f) the excitation sequence of the conduction systems.](CMMM2012-891070.010){#fig10}
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